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Abstract: Transition metal oxides (TMO) and their carbon composites have become a glittering up-
coming material science candidate. Their interesting properties, such as their meticulous morphology,
plentiful availability, flexible surface chemistry along with outstanding mechanical, thermal, and
optical properties make them ideal for efficient photocatalytic dye degradation. An extensive range
of TMO, and their carbon composites are reviewed highlighting the progression and opportunities
for the photocatalytic degradation of dyes. Here, we concisely describe the numerous techniques to
extend the optical absorption of these TMOs involving dye sensitization, metal doping, etc. Besides
this, an overview of all aspects of dye degradation along with the prevailing challenges for future uti-
lization and development of such nanocomposites towards highly efficient dye degradation system
are also reported.

Keywords: transition metal oxide; bimetallic transition metal oxide; carbon composite; photocatalytic;
dye degradation

1. Introduction

With the increase in world population and rapid urbanization, natural resources are
getting exhausted. Development of urban areas causes organic effluents from industries
and agricultural activities, which not only cause threatens to human lives but also affected
aquatic life very adversely [1]. Globally, 1.2 billion people are deficient in accessing safe
drinking water, and millions die from uncontrolled spread of diseases and chronic illness
transmitted via unsafe water [2,3]. Particularly, there is an explosive development in
the dye and dyeing industries since last few decades. As effluents, many potentially
hazardous compounds have been introduced into the environment, which are harmful for
both flora and fauna on the planet. As per the World Bank’s estimation, textile dyeing and
treatment effluents results in 17 to 20% of water pollution [4]. The affecting factors broadly
comprise of poor biodegradable waste such as used dyes and of which ~10-15% enter the
environment through wastes. These dyes can be cationic, anionic or non-ionic depending
on their chemical structure. The release of dyes in effluent results in perturbations of
the marine life leading to severe effects on exposed organisms owing to the reduction in
photosynthetic rate.

Moreover, water quality is significantly influenced due to the color of the dye, causing
esthetic pollution, which is associated with contamination [5,6]. Willmott et al. has reported
that dye concentrations as small as 0.005 mg dm~? is perceptible in river water [7]. Today,
20% of our population has no access to safe water, 40% suffers owing to improper sanitary
conditions and millions of people die every year from diseases communicated through un-
safe water [2,8]. Dye effluent commonly contains chemicals which are toxic, carcinogenic or
mutagenic to aquatic species [9,10]. In addition, human disorders say nausea, hemorrhage,
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ulceration of the skin and mucous membranes [11] are caused due to the existence of dyes
or their degradation products in water. Along with this, these dyes can also cause acute
injury to the central nervous system and reproductive system [12]. This leads to deeper
concern for colored wastewater discharges and convincing the dye users to espouse cleaner
technology methodologies for benign dyeing strategies and upgrading dyes fatigue.

Consequently, significant efforts have been employed to initiate different suitable
purification methods to destroy these pollutants. However, their incomplete removal
during processing led to their presence in wastewater effluents in minute amount which is
a matter of big concern towards the health and wealth of ecosystem, as they have endocrine
disrupting potency [13].

Modernized society demands for pure water have made degradation of the dyes
a great challenge that needs to be addressed for the well-being of humans and aquatic
life. Several physical, biological and chemical techniques have been utilized for water
purification (Figure 1). Adsorption and ion exchange are the most widely used physi-
cal methods for dyes removal resulting in high quality water [14]. However, the most
commonly used adsorbents such as activated carbon have a high cost and hence replaced
by other alternatives which demonstrate good efficiency [15,16]. Further, this method
transfers pollutants to other phases that need to be treated. Another method involves coag-
ulation/flocculation for color removal from textile effluents is associated with high-cost
reagents, which impedes their practicability. Separation processes by utilizing membranes,
reverse osmosis and ultrafiltration with microfiltration help detach the dyes from larger
molecules in the wastewater. These processes have limited applications due to the inherent
limitations, such as high expenditure, limited versatility, elevated salt content in the waste
matter, replacement of membranes and problems associated with the disposal.
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Figure 1. Different ways of dye degradation constitute the Physical, Chemical and Biological approaches.

Utilization of biological methods proved to be an economical alternative since it re-
quires minimal major processing costs, but numerous dyes are deliberated to defy microbial
attack. Different bacteria and fungi have been used to treat textile effluents via various
biological processes [17-22]. Two conditions, aerobic and anaerobic, have been combined
for the proficient removal of azo dyes from wastewater, as azo dyes are not efficiently
metabolized under aerobic conditions. In contrast, biological enzymes under anaerobic
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conditions utilize a high reduction rate of electrophilic azo-bond of the dye molecule to
produce colorless aromatic amines [23]. Such amines are resilient to further anaerobic min-
eralization and are sometimes mutagenic to animals. Lourenco et al. suggested a sequential
anaerobic—aerobic scheme utilized for wastewater treatment involving mineralization of
the amines under aerobic environments via hydroxylation pathway with the ring-opening
procedure [24]. Furthermore, the use of whole cells instead of enzymes has been given
preference for the degradation of dyes in wastewater since cells can protect the enzymes
from the severe environment. However, due to their complex structure with different
chromophoric groups, dyes are enormously recalcitrant [23]. In addition, the frequent daily
unpredictability of features of such wastewater enhances the difficulty of treatment [25].
Although several known physical and biological methodologies have been extensively
utilized for decolorization [26], no one has materialized by way of complete remediation.
Wastewater treatment via microbial biocatalysts offers potential advantages over different
physical processes, but biological methods are rather inefficient, whereas physical methods
are impeded in the operation scale.

Consequently, various chemical processing, such as chemical oxidation, solvent ex-
traction, catalytic degradation, etc. for water purification, emerged. However, these are
time consuming and high on cost hindering their practical utility. To provide a wholesome
remediation, nanotechnology is the potential approach, focusing on unique attributes of
materials emerging from nano dimensions that ensure the purification of water resources.
This is possible through photocatalysis, a property exhibited by semiconducting oxides
or more precisely transition metal oxides (TMO), whereby they absorb photons to un-
dergo redox reactions, breaking complex organic molecules into simpler fragments [27].
The diffusion length of charged carriers (e~ /h") from bulk to surface is significantly re-
duced for nanoparticles facilitating these carriers’ migration rate and hence enhancing
the photoactivity. TMOs such as titanium dioxide (TiO;), zinc oxide (ZnO), iron oxide
(Fe;O3) and magnesium oxide (MgO) have been explored extensively in photocatalytic
applications for water remediation [28,29]. Among them, the most widely utilized is
TiO, owing to photochemical stability, chemical inertness, and ecologically benign [30].
In addition, its competitive rival, ZnO, has better electron mobility [31]. Even though
they show excellent properties, their application in photocatalytic degradation (UV light
driven) is hindered owing to wide band gap. Hence, band gap modification is required for
improving the photodegradation efficiency, which will be more comprehensively discussed
in later section.

Currently, nanotechnology-based water purification involves photocatalytic dye degra-
dation mainly focusing on three major areas for efficient performance:

i Visible light-driven photocatalyst
ii. High adsorption capacity
iii. Large electron/hole recombination lifetimes

Due to the wideband gaps of the transition metal oxides, extensive research has
been employed to redshift their band gaps towards visible light-driven photocatalysis.
Besides, the higher bandgap, rapid electron/hole pair recombination further impedes the
photocatalytic activity. This may arise due to low adsorption capacity of existing adsorbent,
causing a significant bottleneck for dye mineralization [32,33].

In order to achieve the above-mentioned goals, two approaches are typically em-
ployed which are the doping of existing transition metal oxides with foreign transition
metal ion to tune the band gap and hence, altering the optical absorption of the resulting
nanocomposite. Introduction of foreign transition metal ions results in formation of spinel
or mixed bimetallic transition metal oxides. Furthermore, co-adsorbents serve the purpose
to enhance the adsorption capacity with larger electron/hole recombination lifetime. High
adsorption capacity is achieved by the co-adsorbent, which will facilitate the charge transfer
processes resulting in higher efficiency [32,33].
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Besides, the large volume of literature assembled by the researchers, here we offer
a concise insight of the research on efficient photo dye degradation via transition metal
oxide-based composites, along with the latest drift towards photocatalytic studies.

2. Dye Degradation

Solids, in general, possess different band gaps which result in diverse properties.
Based on varying bandwidths, they are classified as metals, insulators and semiconductors
(Figure 2). Solids (like metals), have overlapped band gap regardless of the temperature. The
higher band is the conduction band whereas the lower one is the valence band and possesses
gap for semiconductors and insulators. Bandgap in insulators is very high, and hence it is
difficult to excite electrons from the valence to conduction band, and the gap is called the
forbidden gap. However, in semiconductors, the bandgap is small enough for the electrons
to promote from valence to conduction band at room temperature. Their bandgap lies in the
range of 0 to 7 eV bounding energy levels in the visible and UV light [34,35]. Photocatalysis
involves light irradiation on the catalyst which functions as thermal energy and hence
excites the electron from the valence to conduction band of the catalyst. Therefore, the band
gap’s width is the primary requisite for efficient photocatalyst, which strongly influences
the electrical and optical characteristics of the material. To utilize the light from the solar
spectrum, band gap engineering is the fundamental approach operated for semiconducting
materials, and hence they are broadly utilized as photocatalysts.

CONDUCTION
BAND

BAND
“FERMIEVEL | GAP

VALENCE
BAND

INCREASING ENERGY

METAL SEMICONDUCTOR INSULATOR

Figure 2. Band gap structure for metals, semiconductors and insulators.

In the photocatalytic dye degradation, contaminants are destroyed utilizing transition
metal oxides as efficient adsorbents, light source and oxidizing agent such as air/oxygen.
Absorption of photons (with energy > the band gap between valence and conduction
band of transition metal oxide) results in electron transition from the valence band to the
conduction band resulting in the formation of hole (h*) in the valence band and electron
(e7) in the conduction band (Figure 3). Oxygen adsorbed on the photocatalyst is reduced by
the electron in the conduction band, whereas the hole oxidizes the pollutant or sometimes
it oxidizes water to produce *OH radicals. Here, h™ and e~ act as oxidizing and reducing
agents, respectively [32]. When reduction and oxidation do not proceed concurrently,
electrons accumulate in the conduction band resulting in fast recombination of electrons
and holes, reducing photonic efficiency. Hence, their consumption is a vital requirement to
endorse photocatalytic performance. Various parameters such as light intensity, catalyst
loading, pH, type of adsorbent, contaminant (dye) type and concentration etc. influences
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photocatalytic dye degradation [33]. Among them, this article concentrates on adsorbent
properties, favorable for photo dye degradation with high efficiency.

Ox
Red

Ox Volume Red
Recombination

Figure 3. Different processes (reduction, oxidation, surface recombination, etc.) takes place after
irradiation of photocatalyst.

3. Nanocomposites for Photocatalytic Dye Degradation
3.1. Transition Metal Oxides as Photocatalyst

Chemical reactions in the water system are greatly influenced by the light (visible and
UV light). Most of the semiconductors can strongly interact with the photons” wavelengths
as their band gaps lie in the same range. In addition to this, the large bandgap of these
materials results in the absorption of UV light limiting their practical application because
UV light only constitutes 5% of the solar spectrum. Besides suitable bandgap, potential
adsorbents should be easy to produce, cost-effective, photostable and non-toxic for the
environment [36,37]. The researchers have also explored numerous other techniques to
extend the optical absorption of these transition metal oxides involving dye sensitization,
metal doping, semiconductor coupling and non-metal deposition [38-44]. The purposes
for utilizing these techniques are as follows:

i Enhance adsorption capacity at the catalyst surface
ii. Tuning the optical band gap or light absorption capability of the photocatalyst
iii. Preventing the recombination of charged carriers in combination with facilitated

charge transfer

This section emphasizes the recent advances in various types of metal oxide nanopar-
ticles and their composites for photocatalytic dye degradation from the wastewater.

3.1.1. Dye Degradation by Titanium Oxides

Photocatalytic reactions firstly reported by Fujishima and Honda et al. on the surface
of TiO, (photocatalyst) which are photolysis of water, as shown below [45]:

TiOy +hv - h* +e” 1)
1 + 1 +
.1
H +e — -H, (3)

2
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Here, H; gas is produced from water and light interaction from solar spectrum (visible
and UV), which can act as an alternative to fossil fuels [46,47]. It was then noted that the
intermediate reactions resulted in formation of OH radicals, and hence, photocatalysis
becomes important for the decomposition of water pollutants [48,49]. Researchers later
focus on improving the efficiency of the involved photocatalysts (semiconducting oxides)
for degradation of contaminants to purify water.

Earlier numerous studies have been reported for various photocatalyst, which pro-
duces photo excited e™ /h* pair for the decomposition of dyes. Among existing materials,
TiO, proved to be the most active photocatalyst for dye degradation [38,50].

An outstanding review on metal doping for photocatalysis is reported by Carp et al. [37]
with the main objective of reducing the band gap of the photocatalyst and the generation
of intra-states between valence and conduction band resulting in UV to visible light
absorption. The doped ion alters the recombination rate by acting as a trapping center
for charge carrier and modifying the surface properties by enhancing adsorption capacity.
Silver (Ag) nanoparticles loaded on different semiconductors have been illustrated as
an effective approach for improving photocatalytic performance [51,52]. The metallic
nanoparticle of Ag acts as a sink to accept the photoexcited electrons facilitating the
reduction process and decelerating electron/hole recombination. Ag nanoparticles have
also been utilized to tune metal oxide properties, i.e., TiO;, NiO and ZnO by surface
plasmon resonance [42]. Excited by this, a number of research groups have explored
the doping of TiO, by different transition metal ions [53-55]. Vanadium doped TiO,
active under visible light illumination was reported by Klosek et al. After irradiation by
visible light, excited vanadium donates an electron to TiO; conduction band promoting
the oxidation of surface adsorbed molecules [56]. Boron-doped photocatalyst has also
been explored and displays high performance in mineralization of Methyl orange (MO)
with decolorization degree of 90% in 2 min [57]. Alternatively, non-metal doping results
in redshift of the energy which is absorbed by the photocatalyst, resulting from bandgap
narrowing in which valence band is elevated (Figure 4), with no modification in the
conduction band [34,49,58].

CONDUCTION CONDUCTION
BAND BAND
Intermediate Narrowed
transition band gap
Impurity energy
VALENCE
VALENCE BAND
BAND
METAL ION DOPING NON-METAL COMPOSITES

Figure 4. Modification of band gaps on metal ion doping and for non-metal composite.

Doping of rare earth metal ions also enhances the potential of photocatalytic dye
degradation owing to their distinctive chemical, physical and electronic properties. Associ-
ated f-orbital of the lanthanide ions has increased absorption of pollutants via Lewis base
interaction and function as an efficient electron trapper. Du et al. suggested that doping
TiO, with rare earth metal ion enhances its photocatalytic performance [59]. Ce doping
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(1%) in TiO, was reported to display best decolorization performance of Methylene Blue
(MB). Zhu et al. reported 91.2% decolorization efficiency for MB by Ce*® doped TiO,-SiO,
after 180 min irradiation [60].

In addition, there also exist reports on simultaneous deposition and doping, Ag/Ag(I)-
TiO, in which Ag(I) doping come up with the development of an isolated energy level
of Ag 4d in TiO, bandgap [61]. Visible light illumination resulted in the absorption of
visible light by isolated energy level of 4d. In contrast, the surface metallic Ag facilitates the
photogenerated carriers (electrons and holes) separation resulting in higher visible light
activity than the TiO, modified with Ag.

Another alternative to improve the visible light absorption or narrowing the bandgap
is to substitute oxygen with inorganic ions (C**, S=2, etc.). Different methods have been
used to produce visible light active TiO,_4Ny photocatalyst along with the shift of absorp-
tion edge [62-67]. It is predicted to lower the bandgap energy because N2p states of dopant
mix with the O2p resulting in the narrow bandgap. Moreover, TiO; oxygen sites replaced
by nitrogen form isolated impurity energy levels above valence band, which will also
narrow the bandgap. Strongly localized N2p states above the valence band (isolated empty
states) incline to trap the photogenerated electrons, thus decreasing the photocurrent [68].

3.1.2. Dye Degradation by Zinc Oxides

In addition to TiO,, Zinc oxide is a promising adsorbent for wastewater dye degrada-
tion owing to its low cost, non-toxicity and tunable morphological features. Daneshvar et al.
reported a suitable alternative, ZnO, with similar photocatalysis mechanism as that of
TiO, [69]. Notably, tunable morphology of ZnO also played crucial role in wastewater
remediation. The ZnO hierarchical mesoporous microspheres displayed remarkably high
adsorption capacity (334 mg g~ !) for Congo red dye in comparison with the commercially
available ZnO powder [70]. Hollow microsphere of ZnO-ZIF-8 [Zn(MelIM,)] has also been
explored for dye adsorption and reported with further enhanced efficiency by the core-shell
structure of the resulting composite [71]. Recently, green synthesis of ZnO has attracted
extensive attention as a feasible, highly efficient and eco-friendly protocol to eliminate
the environmental impact of commonly utilized synthesis methods in laboratory. The
Panos extract mediated quaker ladies type ZnO nano flower (ZnO/QNF) degraded the
15 mg L~! MB, Eosin Y (EY) and Malachite green (MG) to >99% within 80, 90 and 110 min,
respectively [72]. ZnO nanoparticles synthesized using the Calliandra hematocephala
leaf extract shows 88% MB degradation, under solar radiation in 270 min [73], while
ZnO nanoparticles obtained using Quince seed Mucilage as stabilizing agent displays
80% degradation of MB within 2 h [74]. Furthermore, ZnO nanoparticles synthesized
via extracellular culture filtrates of Aspergillus niger degraded the Bismarck brown dye
with 90% efficiency [75]. Additionally, Cr-doped ZnO with different amount of Cr®* were
reported for the removing anionic dyes by enhancing the surface defects on ZnO nanopar-
ticles. This correspondingly resulted in formation of hydroxyl groups for the protonation
leading to positive charge generation. This positively charged ZnO nanoparticles un-
dergo strong electrostatic interaction and selectively eliminate the anionic dyes driven
by photocatalysis [76].

3.1.3. Dye Degradation by Iron Oxides

Extensive availability of iron oxide is further reported with large photocatalytic ac-
tivity. Advantageously, their recovery from the system owing to the inherent magnetic
effect endow a promising adsorbent alternative. Photocatalytic degradation features of
iron oxides (Fe*?) in different forms such as a-Fe;O3, y-Fe; O3, a-FeOOH, 3-FeOOH, and
v-FeOOH were explored for the visible range dye degradation. Further, azo dyes are
demineralized by iron oxide powder, resulting in substituted benzene and naphthalene
as degraded products [77]. Optimized crystallite size (35, 100, 150 nm) of the iron oxide
nanoparticles were also demonstrated to successfully degrade Congo red. Notably, the
Congo red was degraded in presence and absence of visible light using the 35 nm nanopar-
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ticles with no distinct effect on the photocatalytic decomposition [78]. The addition of
Zn2* and AI** to the hydrothermal reaction system resulted in the formation of iron oxides
with cubic and disc structures, respectively, which successfully degraded Rhodamine B
(RB) in the presence of 30% HO; solution. The photodegradation processes amplified
significantly with increasing amount of H,O, which facilitate diffusion onto the iron ox-
ide surface enhancing the generation of reactive *OH [79]. Additionally, Shenoy et al.
studied the effect of morphology-dependent surface charges of iron oxide for the visible
light photocatalytic degradation of MB. The nanorods morphology with high negative
surface charges (—20.8 mV) showed ~86% MB degradation, which outperformed other
morphologies like hexagonal, oval and agglomerated nanoparticles [80]. Furthermore,
iron oxide nanoparticles synthesized via various green routes also demonstrated high
degradation efficiency. Teucrium polium leaf extract synthesized iron oxide nanoparticles
(IONPs) degraded the MO dye with 73.6% efficiency in a 6 h reaction [81], while, magnetic
a-Fe;O3 nanoparticles synthesized using Cynometra ramiflora fruit extract demonstrated
94% degradation of MB in 110 min, under sunlight irradiation [82]. Iron oxide nanoparti-
cles synthesized using pomegranate (Punica granatum) seeds extract also possesses 95%
reactive blue dye degradation under UV light irradiation for 56 min [83]. However, rod-like
Fe;O3 magnetic nanoparticles synthesized using the Peltophorum pterocarpum leaf extract
could achieve 92% MB degradation in minimum 27 min. This rapid degradation has been
related to the “electron relay process” in which BH,; ™ ions generated from NaBH, transfer
electrons to Fe,O3 nanoparticles generating a negatively charged environment to degrade
the MB dye to harmless products [84]. Such green synthesized nanoparticles can potentially
serve as an efficient catalyst for environmental remediation. Different metal doping in iron
oxide alters the recombination process of charge carriers and augments the photocatalytic
activity. Different Au loadings in Au-Fe,O3 aerogels were utilized as photocatalysts for
mineralization of Disperse Blue 79 dye. This correspondingly promoted the accumulation
of the photogenerated electrons and delayed charge carrier recombination, improving
the efficiency [85].

3.1.4. Dye Degradation by Other Oxides

Various photocatalysts like CdS, GaAs and PbS are not stable since they undergo
photocorrosion besides their toxicity [36,86]. Additionally, the low charge separation
efficiency of photoexcited carriers in TiO, impeded its applicability [87]. So, several other
TMOs involving MnO,, CuO,, Ag,O modified MoS; etc. are explored as photocatalyst.
MnO, nanosheets modified with fiber glass was developed by Zhang et al. [88] and
explored for mineralization of MB at different pH with efficiency > 95%. Pandit et al.
reported colloidal MnO, catalyzed degradation of methyl red and MO dye with high
efficiency [89]. Besides colloidal form, mesoporous MnO; also exhibits superb performance
for MB mineralization in H,O, at neutral pH and it can be recycled with tiny decrement of
catalytic activity at room temperature [90].

Dyes are also used as sensitizers in the visible region including erythrosine B, thionine,
rhodamine and ruthenium trisbipyridine [91-94]. Dye sensitization process involves
indirect electron injection from the excited dye rather than the photocatalyst. Firstly, dye
gets excited to singlet and triplet states followed by conversion to dye radicals. Electrons
are then injected to the photocatalyst conduction band and interact with the adsorbed
oxygen [95]. In addition to this, photocatalytic activity can be enhanced by coupling two
semiconductors with different bandgaps providing more efficient separation of charged
carriers and extended light absorption range [96-98]. Ternary nanocomposite CuyO-BiVOy-
WOj3 has also been explored and showed augmented photocatalytic activity compared to
their pristine components due to better charge separation [99].

Ag>0 nanorods modified MoS, microflowers (Ag,O/MoS;) based heterostructures
exhibited ten times larger photocatalytic efficiency. This is ascribed to consequent morphol-
ogy and enhanced charge separation efficiency resulting from synergistic effects [100].
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Effect of different oxidants like peroxymonosulphate (PMS), peroxydisulphate (PDS)
and hydrogen peroxide (H;O;) on photocatalysis had been further explored by utilizing
different adsorbents [38]. Peroxydisulphate (PDS) showed the off-putting effect on MB
demineralization, whereas H,O, and peroxymonosulphate (PMS) enhances the degrada-
tion rate.

3.2. Bimetallic Transition Metal Oxides as Photocatalyst

Visible light-driven photocatalyst are the ideal alternative as solar energy constitutes
43% of the visible light. Monometallic oxides, their reduced counterparts or noble metal
doped derivatives have been utilized in MB degradation under visible light, however,
their efficiency is impeded by light absorption characteristics [101-104]. This can be made
in our favor by tailoring the band gap of the resulting composite, which will alter the
composite’s light absorption feature. Hence, bandgap engineering is a vital requirement
for high efficiency of the adsorbent in photo dye degradation. Doping with other transition
metal oxide is a typical approach resulting in energy states” generation between valence
and conduction band for electronic transitions due to photoexcitation [105]. Mahmood et al.
reported that optimum doping of Mn*2 in ZnO enhances its photocatalytic activity by nar-
rowing its bandgap [106]. Further, Deka et al. reported the tuning of bandgap of ZnO with
Mn content (Zn;_,yMnxO with x = 0.02, 0.05) which resulted in varying performance [107].
The photocatalyst’s effective performance also depends on various other parameters say
pH, dye concentration, light intensity etc. which have been explored by investigating the
influence of these factors on the rate of photoactive dye degradation utilizing CeCr,Os as
photocatalyst [108]. With the increase in dye concentration, the photocatalytic rate first
increases and then decreases. This phenomenon arises because more dye molecules are
available for degradation with the increase in dye concentration, consequently enhancing
the rate. After a certain dye concentration, rate declines. This is attributed to the dye’s
filtering action where it acts as filter for incident light, inhibiting the desired light intensity
to approach the semiconductor surface.

CeO; acts as a promoter for Fe;O3/v-Al,O3 has been explored by Liu et al. [109] for
photocatalytic azo dye degradation. They concluded that doping of CeO, results in efficient
dispersion and smaller particle size of Fe,O3 presenting more active sites. Further, CeO,
presence increases the chemisorption of oxygen, thereby improving the redox properties of
the photocatalyst. CeO; is also doped in ZnO by Saravanan et al., and the resulting com-
posite is found to exhibit improved photodegradation rate as compared to ZnO [110]. CeO,
nanoparticles, owing to their lower bandgap, show enhanced photoactivity of the com-
posite on visible light irradiation. This enhancement on visible illumination is attributed
to CeO, nanoparticles, which capture the electrons with hydroxyl radical formation from
the holes and, hence, prevent the electron/hole recombination. In addition, the composite
shows efficient dispersion of ceria crystallites on ZnO [111,112] with higher surface area,
presenting more and more active sites for the redox reactions. Magesh et al. [113] found that
redshift is observed for TiO, modified with Ce compared to TiO, in UV-vis spectrophotom-
etry and optimal Ce loading at 0.5-2.0% in the mixed oxide CeO,-TiO, proved active under
visible light for the MB photocatalytic decomposition. Photocatalytic activity of CuO/CeO,
was also explored and reported to exhibit high performance owing to redox behavior of
CeO; and its strong interaction between CuO and CeO, [114]. Irradiation by different
light on the photocatalyst tailors the photodriven catalytic performance. Tung et al. have
reported that under UV light irradiation, iron-doped TiO, reveal consideration increment
in photoactivity than that of pure TiO; or Iron oxide [115]. This enhancement may be
ascribed to impedance of electron/hole recombination with the incorporation of Fe ion in
TiO; lattice. On the other hand, photoactive performance of the catalyst transforms under
visible light state. It illustrates that pure iron (II, III) oxide exhibits excellent photoactive
behavior which surpasses that of TiO,. Iron doping at 0.5 mol in TiO, made it comparable
and for 1 mol, no increment was observed. Hence, iron-doped TiO, (photocatalyst) reacted
differently under UV and visible light with no adverse effect on photoactivity in the former
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case. The formation of recombination sites was observed via iron doping in TiO, under
visible light, thereby reducing photodriven catalysis. Zhu et al. also supported the above
finding suggesting that the rate of recombination was decreased by utilizing iron ions as
hole or electron snare in TiO, [116]. Photocatalytic studies of MnO, /Fe3O4 nanocompos-
ite show high photocatalytic efficiency and high stability with recyclability towards the
degradation of MB under UV-vis illumination [117].

Different strategies have been reported to enhance the photocatalytic efficiency or
retard the electron/hole recombination rate in mixed oxides. TiO,-NiO mixed oxide devel-
oped by sol gel method reportedly have high efficiency for photodriven MO removal [118].
This enhancement is attributed to the induced n-p junction at the interface, which prevents
electron/hole recombination upon irradiation by light. This can be explained by (Figure 5)
considering the existence of both TiO, (n-type, electron rich) and NiO (p-type, hole rich)
phases or n-p junction at the interfacial contact where diffusion of electrons and holes
takes place to p-type and n-type semiconductors, respectively. At equilibrium, the internal
electric field arises due to accumulation of electrons and holes, which act as potential
barrier and prevent electron/hole recombination. They also investigated the variation of
nickel content on catalytic efficiency of the synthesized composite. Highest efficiency was
exhibited by Tiy5—Nips5 composite, and with further increment in Ni content, specific surface
area and total pore volume of the resulting composite diminishes, which is detrimental for
photocatalytic reactions.

Induced n-p junction

UV light
A

p-type semiconductor
(NiO)

n-type semiconductor
(TiOy)

Degradation
products

Figure 5. Schematic showing p-n junction at the interface of p-type NiO and n-type TiO, semicon-
ductors for improved photocatalytic degradation of MO.

Sreethawong et al. loaded noble metal on the mixed oxides to enhance their photocat-
alytic rate [119]. Mesoporous assembled TiO,-SiO, mixed oxides loaded with monometallic
Pt and bimetallic Pt-Au were studied as adsorbents under visible light driven catalysis
for different loadings of Au and Pt. Similarly, Fe was introduced to ZnO/SiO; to improve
their catalytic performance by shifting the absorption bandgap threshold from UV towards
visible region, thereby modifying surface physical and chemical properties [120]. Various
other factors say dye solution pH, initial dye concentration, illumination time, and catalyst
loading effecting photo-mediated oxidation of MB were investigated and explored for the
photocatalytic process’s optimal conditions. The efficiency of photocatalysis decreases
with increase in pH with a value of ~99.9% when pH increases from 2 to 4. However,
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for negatively charged MB in acidic medium and positively charged ZnO below pH 9,
increase in pH change the charge on ZnO by absorbing OH™ ions favoring the formation
of *OH radicals resulting in diminished photoactive efficiency. This is due to gradual
increase in electrostatic repulsion between anionic dye and ZnO. Additionally, catalyst
loading also has considerable effect on photoactivity of Fe/ZnO-5iO,. When loading
increased above 0.1 g, efficiency decreases owing to agglomeration of catalyst particles as
a consequence of increase in particle size and decrease in surface area, diminishing the
number of surface-active sites. Further, the effect of different loading of MnO; over TiO,
is explored by Xue et al. and reported to have high surface area and large pore size with
enhanced adsorption properties over whole region of visible light [121]. The enlargement
of the pore size is explored and attributed to the coating mechanism where dopant Mn*2
is coated onto the host in the synthesis procedure. During the synthesis, the formation
of TiO; nanoclusters takes place with the oxidation of Mn*2 to MnOj in air which resist
TiO; nanoclusters to join together. The clusters were thus prevented to come close to form
a small pore, subsequently affected the crystallization of TiO,. This led to remarkable
absorption of visible light due to narrow band gap of MnO,. Wang et al. reported a SnO,—
TiO, photocatalyst based on TiO; nanofibers by electrospinning followed by hydrothermal
treatment [122]. Under UV light illumination, SnO,-TiO; composite exhibits almost 2.5
times higher than TiO, photoactivity for RB mineralization. Li et al. synthesized MnO,
loaded CuO nanosheets and reported to possess high catalytic activity due to its composite
phases, large surface area and dispersibility [123]. Series of CuO/MnO, compounds with
different CuO loadings was synthesized and demonstrate the highly efficient CuO/MnO,
interfaces as active sites for photocatalysis [124]. MnO, layer is also coated on CuO to
form nanorod array which addresses the issues related with the powder catalysis say
easy agglomeration, difficult separation and possible secondary pollution [125]. In spite
of this, metal vanadates are also widely utilized for photocatalysis. Recently, bismuth
vanadate, BiVO, with layered structure and bandgap 2.4 eV was reported with varying
molar ratio of Bi to V [126]. By alteration in the molar ratio, different crystal structures
were obtained, tetragonal scheelite (ts), monoclinic scheelite (ms) and tetragonal zircon
(tz). Amongst them, a higher photocatalytic activity under UV light has been exhibited by
ms-BiVOy, despite the consequences of its morphology with different dyes say RB and MB.
Moreover, it demonstrates the potential of ms-BiVO,4 under 6h visible light illumination
with degradation efficiency of 65.0% for MB and ~77.8% for RB. Shang et al. [127] also
reported nanosized BiVOy (dia 60 nm) with visible light-driven photocatalytic activity.
They suggested that nano BiVO, possessed excellent photocatalytic efficiency towards
the degradation of RB in 40 min. Furthermore, Yin et al. [128] synthesized ms-BiVOy4 by
using cetyltrimethylammonium bromide (CTAB) and reported that CTAB transformed
the mechanism of reaction with the formation of an intermediate BiOBr. Besides high
photocatalytic efficiency, no considerable loss was witnessed after five cycles, signifying
the high stability and absence of photocorrosion during RB degradation by ms-BiVOj.

Despite metal vanadates, different metal molybdenum oxides were reported as effi-
cient photocatalysts for the treatment of wastewater using UV or visible light illumina-
tion [129-131]. Xu et al. demonstrated high photocatalytic degradation activity of 90%
under visible light irradiation for MO treatment using zeolite supported Bi;MoOg [131].
This enhanced performance is attributed to uniform distribution of BipMoOg nanoparticles
on zeolite. ZrMo,Og was reported by solid state technique and possess ZrOg and Mo,Og
polyhedra [132]. It has specific degradation properties towards cationic dyes, say malachite
green (MG) and RB.

Various other bimetallic oxides such as NaTaO3, CoTaOq and CeTaO,4 were supposed
to have extended conduction and valence band, increasing the lifetime of photogeneration
transporters, promoting the redox reaction on the catalyst surface [133-136]. Application
of Fe-Co mixed oxide with varying Fe/Co ratio for degradation of 2, 4-dichlorophenol was
explored and proved effective than bulk Co304 [137]. Authors also examined CoxFe;_O4
nanoparticles for RB heterogeneous degradation and revealed that higher cobalt content
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results inefficient removal of the dye. Another bimetallic oxide NaBiO3 examined under vis-
ible light irradiation for RB degradation via direct cleavage of the conjugated chromophore
of dye molecule along with the degradation as dominating mechanism [138].

Besides this positive effect of bimetallic oxide interaction, the photocatalytic efficiency
can also be poisoned via metal-metal ion interaction. Influence of different crystallographic
forms of MnO, on Degussa P-25 TiO, resulted in photocatalytic inhibition or complete
deactivation depending upon the amount of MnO, [139]. This is due to the heterojunction
formation at MnO,—TiO, interface which alter the chemical state of Ti** and O~2 sites in
TiO,. MnO; also widen the bandgap of TiO,, thereby diminishing the UV absorption by
creating impurity energy levels which serve as a recombination center for photoexcited
charged carriers.

Among various mixed oxides formed via doping of foreign transition metal ion in host
transition metal oxides, spinel oxides form a special class which have narrower bandgap
with efficient catalytic properties. Spinel oxides synthesized by different methods possess
high electrochemical activity with facilitated charge transfer [140-145]. Nano iron—cobalt
spinel oxide was explored for photocatalytic activity via mineralization of monoazo-dye
Acid Orange 7 with sulfate radicals in aqueous solution [146]. Quenching studies es-
tablished that sulfate radicals are the primary species produced in the dye’s catalytic
degradation, which enhances the efficiency of the photocatalyst. Further, 3D magnetic
ZnFe;04/MnO; hybrid was explored for photocatalysis and found to possess better activ-
ity (owing to its high BET surface area) with easy recyclability from reaction solution [147].
Cobalt ferrite, CoFe;O4 was synthesized by co-precipitation on the TiO, surface to achieve
recyclability with efficient photocatalytic ability which is estimated by following the degra-
dation kinetics of textile dye in absence and presence of different electron acceptors [148].
It displayed maximum increase in the decomposition of Reactive red 120 (dye) in perox-
omonosulphate (PMS) as compared to other electron acceptors. Ordinary NiCo,O4 and
their core ring structured nanoplatelets were developed by Cui et al., which reports that the
core ring NiCoyO4 nanoplatelets display elevated photocatalytic activity MB demineraliza-
tion under visible light [149]. This enhanced property is attributed to smaller size, high
absorption capacity with active and efficient internal electronic transitions. In addition,
the core ring structure provides larger surface area and active surface Co atoms which
could be the primary reason for outstanding photoactivity. Various other composites of
doped transition metal oxides or bimetallic oxides with improved photocatalytic activity
are included in Table 1 [132,150-161].

3.3. Carbon Based Composites as Photocatalyst

Another approach is to enhance the adsorption capacity with larger electron/hole re-
combination lifetime. This can be achieved by supporting the transition metal oxides over co-
adsorbent (support) which should have high adsorption capacity. The co-adsorbent should
have high surface area and network conductivity for efficient adsorption and facilitated
charge transfer processes, respectively. Carbonaceous materials such as activated carbons,
carbon nanotubes and graphene are interesting and potential material for co-adsorbents
owing to their higher surface area, unique pore structure and high conductivity [162-168].
Predominantly, the functions of co-adsorbent or support are as follows:

i Reduce agglomeration of the particles
ii. Enhance surface area of the resulting composite
iii. Govern the life span of the photocatalyst via reducing the recombination rate of

charged carriers

Activated carbon-TiO, composites have been reported to exhibit improvement in
photocatalytic activity attributed to the high adsorption capacity of the support and ready
passage of charged carriers to TiO; particles [169-173]. However, under-exploitation of nan-
otexture and nanoscale phenomena with untackled bandgap engineering needs researchers
to explore other alternatives [174,175]. Carbon nanotubes (CNTs) are reported to possess
effective synergism with TiO, to enhance photocatalysis by diminishing the electron/hole
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recombination [176-178]. Hoffmann et al. reported TiO,—~CNT composite with transference
of photogenerated electrons to CNTs and holes to TiO,, thus impeding the reblending of
electrons and holes [179]. MWCNT TiO, composites have been extensively reported to
improve their photocatalytic activity [180,181]. Magnetic photocatalyst, NiFe;O4/MWNT
was synthesized by hydrothermal method and exhibited high photoactivity [182]. The
poorly active NiFe,O4 nanocrystals are significantly converted into active one in the pres-
ence of MWNT, and this is attributed to synergism between the two with effective charge
transfer and declined rate of recombination of photogenerated carriers. In addition to this,
their remarkable magnetic property made it efficiently recyclable using an external magnet.

Table 1. Photocatalytic performance of bimetallic transition metal oxides. N.A. = data not available.

Photocatalyst Synthetic Method Performance Reusability Reference
ZnO microflower on Spray pyrolysis of zinc acetate Decolorization efficiency (DE) 98% efficiency [150]
Stainless steel (SS) on SS 96% in 120 min under Sunlight after 4 cycles
Grinding Zn(NOs),.6H,0 and DE 99% in 20 min under 96% efficiency
Mn-ZnO Mn(CH3CO5,);,.4H,0 using .. . [151]
NaOH oxidant and SDS capping visible light after 4 cycles
Impregnation followed by o . o -
WO;3/5i0, calcination Sodium Tungstate DE 96% n 120 fun under 80% efficiency [152]
Dihydrate on SiO, monoliths visible light after 5 cycles
Sol gel synthesis using TiCly and o - .
ZnO-TiO, Zn(CH;COO0), with calcinations DE 108\/; ;?r;giﬁgnunder N.A. [153]
at (160-900°C)
L DE 100% under visible . -
WO,-TiO, Sol gel .synt.heS}s with thermal irradiation in 240 min of 90% efficiency [154]
activation in vacuum . L . after 5 cycles
irradiation time
DE 90% Fe-TiO; 80% Co-TiO,
Fe, Co, Nj, Cu, Sol gel method modified with 120 o N1—T102
Zn -TiO, ionic liquid 8% Zn-TiO, N-A. [155]
2 20% Cu-TiO,
Under UV irradiation of 120 min
ZnO-5nO ZnO by impregnation on silica DE 90% under UV. irradiation for N.A. [156]
60 min
Co-precipitation of zinc acetate DE ~93.3% under UV
+2_ 1% p
Mn™*-Zn0 with manganese acetate dopant illumination for 120 min N-A. [157]
. DE 100% msBiVOy4 92.9%
. Hydrothermal synthesis from .
BiVO, . tz-BiVOy N.A. [126]
BI(NO3)3.5H20 + NH4VO3 30.5% tS-BiVO4
. DE 97% under visible light
Bi,WOq Hydrothermal method irradiation of 320 min N.A. [158]
Template method involving DE >95% under UV irradiation
ZnWO, H, WO, and Na, WO, of 40 min N-A. [159]
ZnWOQOj3 Impregnation method ~90% under laserllrradlatlon for N.A. [160]
15 min
- ZrMo,Og Solid state synthesis No data N.A. [132]
Ce0,-TiO, Polymer assisted method 24% visible irradiation of 90 min N.A. [113]
B-SnWO, Solid state reaction 90% under visible irradiation of NA. [161]

120 min

Among various carbonaceous material, graphene, two-dimensional sheets of sp? hy-
bridized carbon, possess high charge carrier mobility with excellent mechanical strength [183].
Graphene can tailor the particle size and microstructure of the guest material and pro-
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mote electron transfer in photocatalytic reactions [184]. Direct growth of transition metal
salt on graphene oxide (GO) has been widely used for graphene/metal oxide compos-
ites [185]. In spite of this, various other graphene-based composites are in-situ synthesis
and hydrothermal or solvothermal approach.

3.3.1. In-Situ Synthesis

During this, metal salts and graphene oxide (GO) are used as substrates. The salt
is then added to GO (dispersed solution) followed by conversion to metal oxide in the
oxidizing agent’s presence, followed by the reduction of GO to graphene [141-143,167].
Graphene-ZnO composite was synthesized by adsorbing Zn*? ions on graphene oxide
sheets in the presence of NaOH and NaBF, followed by drying at 150 °C [186]. Similarly,
SnO; and TiO, were grown over graphene by taking SnCl, and TiCl; as substrates [187].
Different morphological structures were obtained by reducing Sn and Ti salts in presence
of GO by the same method. This can be attributed to different hydrolysis rate of the salt
with their reduction abilities. Researchers have utilized different methods for dispers-
ing graphene oxide while synthesizing different graphene-based composites via in-situ
method [188,189]. Anionic surfactants have also been used for stabilizing graphene in
aqueous solution for in situ growth of TiO; over graphene [190]. Whereas, Park et al.
reported graphite TiO, composite via exfoliation-reorganization of graphite oxide without
using any chemical reagents in aqueous slurry [191].

3.3.2. Hydrothermal Approach

During hydrothermal growth, precursors (semiconductor oxide) are loaded on graphene
oxide in a dispersed medium followed by a higher temperature reduction. ZnFe,O4/graphene
composite was synthesized by the same method with Zn(NOj3),.6H,0 and Fe(NOs3),.9H,0
as precursors [192]. During growth, metal salts are oxidized with a reduction of graphene
oxide. In-situ hydrothermal growth was utilized for graphene-BiWOg by Mukhetji et al.
in the presence of graphene oxide [193]. Shen et al. synthesized graphene TiO, com-
posite via hydrothermal growth with scalable methods by utilizing water and glucose
(reducing agent) [194]. Graphene TiO, composite was dispersed by controlling the hy-
drolysis via one-step solvothermal approach to achieve a uniformly dispersed metal oxide
over graphene [37].

3.3.3. Photocatalytic Activity

Graphene TiO, nanocomposite, obtained via chemical oxidation of graphene sug-
gested “on demand” graphene-metal oxide mechanism [195]. Functionalized GO nanosheets
have efficient binding sites for metal oxide particles (TiO,, ZnO,) and remain in solu-
tion without aggregation [196]. After photo-irradiation, the electrons interact with GO
nanosheets to remove various oxygen functionalities yielding reduced graphene oxide
(RGO) [197,198]. Some electrons are used for reduction purpose, and others are stored
in RGO. The graphene TiO; can be recovered after solvent evaporation. Photocatalytic
degradation of MB using TiO, nanorods GO composite exhibits anticharge recombination
mechanism [199]. Authors found that the electrons at GO react with adsorbed oxygen
to form *OH radicals reducing the recombination of charge carriers (e~ /h*). Further,
graphene presence in the composite influences the morphology and particle size distribu-
tion in the composite and accordingly alters the photocatalytic performance. Zhou et al.
showed the uniform dispersion of TiO, nanoparticles on graphene sheets with narrow par-
ticle size distribution resulting in superior photocatalytic activity under simulated sunlight
irradiation [200]. The electron/hole pairs are produced in TiO, upon illumination with UV
light and the photoexcited electrons transfer to graphene sheets, scavenged by dissolved
oxygen and promote the electron/hole separation. Additionally, Du et al. demonstrated
the improved photocatalysis by ordered macro-mesoporous TiO,—graphene composite
towards decomposition of MB in water than bare mesoporous TiO, film [188]. All the
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above results of graphene-based composites displayed that graphene can promote charge
separation in the composites and consequently results in high photocatalytic activity.
Graphene-ZnO composite was reported by adsorbing Zn*? ions on GO sheets fol-
lowed by addition of NaOH and NaBHy [186]. Various graphene composites (ZnO-
graphene, Co3O4—graphene, Mn3Os—graphene, etc.) have been explored for their pho-
tocatalytic application to purify wastewater [186,201,202]. These composites showed
high adsorption capacity and large charge separation facilitating overall performance.
The significant role of graphene in the graphene TiO, composite is demonstrated by
Zhang et al. [203] during the degradation of MB in water (Figure 6). Role of graphene and
CNT were further explored by making their nanocomposites CuO.ZnO.Fe;O3/rGO and
Cu0.Zn0O.Fe;03/CNTs by utilizing against MB dye [204]. The resulting nanocomposites
engendered stress in their lattice, resulting in some defects. These consequently resulted in
enhanced chemical reactivity with improved efficiency owing to the newly generated elec-
tronic state resulting from varied interactions such as metal-metal, metal-oxygen-metal.
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Figure 6. (a) Schematic of P25-GR and probable process of photodriven degradation of the dye (MB)
over P-25-GR with TEM micrograph (b) of the composite. Comparison of photocatalytic activity in
the degradation of MB under (c) UV light (A = 365 nm) and (d) visible light (A = 400 nm). Adapted
with permission form Ref. [203]. Copyright 2010, American Chemical Society.

In addition, the graphene content in the composites significantly influences the photo-
catalytic efficiency. The effect of composites with different graphene content has been stud-
ied via photocatalytic degradation of MB in water [205]. Bai et al. utilized Zn;_/graphene
composite and provide insights for the development of graphene-based defect type ma-
terial [206]. Superior photocatalytic activity of the synthesized composite corresponds to
synergic effect of graphene and Zn;_, surface defect layer. The electron/hole separation
results due to the elevation of highest occupied molecular orbital (HOMO) of graphene
and Oi” ZnO;_y defect level in Zn;_,/graphene composite (Figure 7). Non-stoichiometric
Wi153049 has been reported as a potential visible-driven photocatalyst due to its unusual
defective structure [207].
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Figure 7. Schematic demonstrating the photocatalytic process over ZnO;_ /graphene. Photocatalytic

degradation of MB over ZnO;_, and ZnO;_,/graphene under illumination of (a) visible light and
(b) UV light. Adapted with permission from [206]. Copyright 2013, American Chemical Society.

Du et al. further developed an approach to improve the charge carriers’ diffusivity
by employing hierarchical porous systems [188]. Macro-mesoporous titania graphene
composite reduces the mesopore channel’s diffusion length and enhances the effective
surface area, resulting in diminished charge recombination rate. High photocatalytic
efficiency of MnO, graphene composite is attributed to synergism between graphene and
MnO, via efficient electron transfer channels with the high surface area for photoactive
mineralization of MB [208]. Here, the adsorption—oxidation—desorption mechanism is
involved for MB degradation. Firstly, MnO; are adsorbed on graphene surface via -7t
conjugation, which effectively increases the MB concentration near the surface, enhancing
the catalytic rate. Therefore, the coupling between adsorption and catalytic reaction
for MnO, /RGO composite results in efficient decomposition of MB compared with bare
components. ZrO,—graphene composites are also analyzed for photocatalysis and observed
that degradation time decreases with enhanced degradation factor due to the inclusion of
graphene in ZrO, [209]. This is attributed to the immediate shifting of electrons to graphene
followed by the generation of electrons and holes on irradiation. The conjugated (sp?)
carbon lattice increases light absorption range thereby promoting charge separation. In
allusion to this, various other composites of graphene and transition metal oxides resulted
with improved photocatalytic activity are presented in Table 2 [210-220].
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Table 2. Photocatalytic properties of graphene-based composites (photocatalysts).

Composite Mass Fraction . . . -,
Photocatalyst of Graphene Photocatalytic Activity Reusability References
5wt % Repp 26 pmol h™1
10 wt % 60 umol h—1!
P25-G 20 wt % 74 pmol h—1 N-A. (1831
30 wt % 37 umolh~!
TiO,-G 6.5 wt % 80 umolin5h N.A. [184]
. o Reaction rate
ST;%T_% }g ;“V’tt ; 0.0057 min~1 N.A. [187]
2 ’ 0.011 min~!
TiO,-G 0.6 wt % Reaction rate 0.071 min 1 N.A. [188]
TiO,-GO 1wt % 175mmolin 3 h N.A. [191]
o Y 95% efficiency
ZnFe,0,-G 20 wt % DP 99% after 10 cycles [192]
TiO,-G 25 wt % Rpp 4 wmol h™! N.A. [194]
10 mg DP 58%
TiO,-G 30 mg DP 75% N.A. [209]
50 mg DP 72%
TiO,-G Mixed o Degradation Percentage 90% efficiency
phases Swie GO (DP) 93% after 5 cycles [210]
Ti0,-GO 20wt % DP 96.62% 80% efficiency [211]
after 3 cycles
>92%
TiO,/Zn0O/G 5wt% GO DP 99.2% efficiency after [212]
5 cycles
>90%
Fep,O3/TiO-G 20 mg DP 100% efficiency after [213]
4 cycles
0.13 wt % DP 26 %
. 0.14 wt % DP 35 %
TO,-CO 0.25 wt % DP 22 % NA. (214]
0.51 wt % DP 18 %
0.05 wt % Reaction rate 0.047 min 1
0.5 wt % 0.056 min~? No change in
1.0 wt % 0.069 min ! photocatalytic
Zn0-G 2.0 wt % 0.098 min~1 activity after (215]
3.0wt % 0.091 min~? 5 cycles
5.0 wt % 0.072 min !
No significant
change in
Ag/AgCl/GO DP 71 % .
0.6 wt % o photocatalytic [216]
Ag/AgBr/GO DP 85 % activity after
5 cycles
BiVO4-G No data R 0.75 pmol h—1 N.A. [217]
wt % Rpp 6.5 pmol h™1
TiO,-G wt % Ry 8.6 L mol h-! N.A. [218]
10 wt % Rip 4.7 pumol h~!
Reaction rate
InNbO4-G N.A. 0.0346 min—1 N.A. [219]
99.97%
MnFe,04-GSC 100mg DP 100% with H,O, efficiency after [220]

5 cycles
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Besides graphene-based composites of mono transition metal oxides, their bimetallic
composites have also been extensively explored with the benefits of visible light driven
photocatalysis. As the major portion of solar energy falls under visible light, it also im-
proves the composite’s efficiency [221]. Enhanced diffusion coefficient associated with
graphene-based spinel oxides composite may prove beneficial for photocatalysis appli-
cation [141,143]. Fu and Wang et al. reported visible light-driven MB degradation by
ZnFe,O4 graphene composite [192]. Here, the magnetic property of ZnFe,O4 makes the
composite magnetically discrete from the suspension system negating the requirement
of additional magnetic components. Visible light irradiation of ZnFe,O4 graphene com-
posite results in effective charge separation and generates strong oxidants via photoactive
degradation of H,O, with enhanced stability. Enhanced charge transfer of the compos-
ite is also demonstrated by a small radius of the semicircle in high frequency region of
impedance plot compared to that of bare GO and ZnFe,O4 (Figure 8). Further, MnFe;O4—
graphene sand composite was used as photocatalyst against 100% MB degradation under
sunlight irradiation [220]. The high performance resulted from simultaneous participation
of Mn and Fe on the catalyst surface for the decomposing H,O, and in the production of
*OH favoring photogenerated carriers’ separation in MnFe;O,4. Hydrothermal growth of
graphene-BiWOg, reported by Gao et al. [222], shows enhanced photocatalytic degradation
activity under RB'’s visible light. The interaction of graphene with BiWQg shifts the Fermi
level and decrease the conduction band potential. Fu et al. reported the synergistic effect of
CuFe;O4 nanoflakes and graphene sheets, resulting in superior photocatalytic performance.
The possible mechanism of photocatalytic degradation takes place via the following steps:

CuFe,O4 + hv — CuFe,O4 (h +e7) 4)
CuFeyO4 (e7) + graphene — CuFe;O4 + graphene (™) 5)
Graphene (e7) + O, — Op° ™ + graphene (6)
CuFe,04 (h*) + OH™ — CuFe,O4 + *OH ?)
CuFe,O4 (W) + OH + O,*~ + MB — CO, + H,O (8)
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Figure 8. (a) Uniform dispersion of ZnFe,O4 nanoparticles over graphene (b) Images of ZnFe,Oy
graphene suspension with (1) and without (2) magnetic field, (c) EIS of (1) ZnFe204 graphene, (2) pure
ZnFe;Oy4 and (3) GO and (d) stability test shown by photodegradation rate of MB using ZnFe,O4-G
for 10 cycles. Adapted with permission from [192]. Copyright 2011, American Chemical Society.



J. Compos. Sci. 2021, 5, 82

19 of 27

References

Here, the generated active species oxidize MB molecules which are adsorbed on
CuFe,O4 graphene composite via 7-7t or electrostatic interaction. CuBi,O4/G was also
evaluated for their photocatalytic performance after their synthesis by solvothermal
method [223]. They possess 95% and 85% degradation efficiency towards degradation
of MB and MO compared to pristine CuBi;Oy4. Visible light irradiation of CuBi;Oy re-
sult in the generation of electrons and holes on the surface followed by transference of
photoexcited electrons to graphene sheets by percolation mechanism. Then, negatively
charged graphene activates oxygen to form superoxide anion radicals and holes, which are
adsorbed by water to produce hydroxyl radicals. Active species generated by graphene
then oxidizes the dye molecule (adsorbed on the CuBi,O4s—graphene active sites) and hence,
increases the photocatalytic degradation rate of dyes from industrial effluents. These new
adsorbents ensure visible light-driven dye degradation with large adsorption capacity and
electron/hole recombination lifetime.

4. Conclusions and Perspectives

Photocatalysis is an imperative route for greener decipher of energy and environmen-
tal issues of modern era. Catalytic efficiency of various photocatalysts has been altered
by employing different techniques by the researchers. This review has given stress over
different adsorbents based on transition metal oxides, bimetallic oxides and their carbon
composites for photocatalysis. Different approaches regarding synthetic technique, het-
erostructure, etc. led to augmented adsorptivity, light absorption intensity, electron/hole
pair lifetime with extended light adsorption range which may unlock various breaks for
the next generation photocatalysts. These approaches have been proved good but no
one proved a panacea. However, the mechanistic description is still lacking and vigi-
lant designs of the functional materials are vital for rational progress. It is worthy to
note that although great improvements have been accomplished by utilizing the “rising
star: graphene” in photocatalysis, still there are some challenges for full exploitation of
graphene-based composites.

In addition to the above tactics to enhance photocatalysis, the deficiency in analo-
gous results among various studies of photocatalysis led to a great challenge, in spite of
a large amount of literature. Recently, the progress has been made on the utilization of
nanocarbons for existing photocatalyst which improves the photocatalytic activity in a
broad spectrum. Further, the photocatalysts” development and endorsement depend on
the harmonic growth of academia and industrial revolution, particularly for the optimal
testing condition and methods for dye degradation. The intensive efforts from system-
atic amalgamation of academician research worldwide would bring revolt in developing
potential photocatalysts for dye degradation.
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